Since Haldane's prediction 1) of the difference between integer-spin and half-integer-spin antiferromagnetic Heisenberg chains, the spin-1 antiferromagnetic Heisenberg chain has been the subject of a large number of theoretical and experimental studies. One of the recent topics of this subject is the edge effect on the chain. Kennedy 2) found that the open chain has a fourfold degenerate ground state composed of a singlet and a triplet which we call the Kennedy triplet, in contrast to a unique singlet ground state of the periodic chain.
3)
The fourfold degeneracy of the ground state, which was originally found in the so-called AKLT model 3) with open boundary conditions, is considered to reflect the hidden Z 2 × Z 2 symmetry in the open chain.
4)
The hidden symmetry is attributed to the spin-1/2 degrees of freedom at edges of the chain.
Recently the present authors and Harada performed the Monte Carlo analysis of the open chain to show that the magnetic moments localized around the edges for the Kennedy triplet decay exponentially with the decay constant which is about 6 in lattice spacing. Hagiwara et al. 7, 8) performed the ESR experiment on the spin-1
containing a small amount of spin-1/2 Cu 2+ impurities and gave for the first time experimental evidence for the existence of the spin-1/2 degrees of freedom at the host-spin sites neighboring the impurity. They analyzed successfully their experimental results by using the phenomenological Hamiltonian given by
where s 0 is the spin-1/2 operator of the Cu 2+ impurity; s 1 and s 2 are the spin operators which represent the spin-1/2 degrees of freedom at the host-spin sites neighboring the impurity;J x ,J y , andJ z are the effective exchange constants. There is, however, no clear explanation for the origin of the anisotropy of the effective exchange interaction.
In this letter, we investigate the spin-1/2 impurity effect on the spin-1 antiferromagnetic Heisenberg chain from the theoretical point of view.
Our final goal is to analyze the above ESR experiment by comparing the theoretical results with the experimental ones. As the first step to the goal, we discuss the relation between the phenomenological Hamiltonian H phe and the more realistic Hamiltonian given by
where s 0 is the spin-1/2 operator of the impurity spin as is stated above and S ℓ (ℓ = 1, 2, · · ·, N ) is the spin-1 operator of the host spin. 
2,3)
The variational method discussed in the previous paper, given by
where α ℓ , ζ ℓ , and β ℓ are the spin states at the ℓ-th site, which correspond, respectively, to S z ℓ = 1, 0, and −1, and σ ± = (σ x ±iσ y )/ √ 2 , σ x , σ y , and σ z are the Pauli matrices. The parameterθ is determined from the equation,
The function Φ N describes the states with a domain wall and is expressed in terms of φ ℓ and the wall operator w as
where w = −σ − for τ = +, w = σ z for τ = 0, and w = σ + for τ = −. It is noted that, when λ = 1 and d = 0, Φ represents the singlet state, and Φ 
Performing a perturbation calculation, we restrict the wave functions for H 0 to Φ and Φ 
The matrix elements of H ′ in this representation are easily calculated from
where ν = + or −, andν = + when ν = − andν = − when ν = +. In deriving eq. (10a)-(10d), we have neglected the factor cos
Nθ
. Solving the corresponding secular equation, we obtain the energy eigenvalues (measured from E 0,0 ) as
Here, we have denoted the energy eigenvalue of the state with M = s 
where λ (11)- (14), we can determine the correspondence between the interaction constants in H phe and those in H. The results are
We have thus shown that, H (19) and (20) is also justified.
Let us discuss several qualitative properties of the energies of the lowlying states in the case of λ = λ ′ = 1, which are deduced from eqs. (11)- (14).
For convenience, we choose the origin of the energies E 0,0 +ε t (± 2 ) and define ∆ r (M, S) (r = s, t) as
In Fig. 1 we show the d-dependence of ∆ r (M, S)/J ′ . We see from this figure that, when |J ′ |/J is sufficiently small, ∆ r (M, S) satisfies the relation
2 ) in the isotropic case of λ = λ ′ = 1 and d = 0, and also that in this case the ratio R defined by
2 ) is given by In order to numerically examine the analytical results obtained above, we have performed a numerical diagonalization by the Lanczös method 11) for finite-N (N = 5, 7, · · ·, 15) chains in the isotropic case. In Fig. 3 
12)
We summarize the results of the present study. 
